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Abstract 
Numerical modeling of chalcopyrite (CuInSe2) absorber layer formation by rapid thermal annealed stacked elemental layers 
provides a valuable tool to address the microscopic phase formation process, which significantly determines the absorber layer 
properties in solar cell applications. We present a one dimensional kinetic modeling tool describing the diffusive reaction kinetics 
for layers of partial miscible systems. The diffusion is described temperature dependent and by calculating the latent heat the 
results were compared with differential scanning calorimetry measurement curves. Applying the numerical simulation to 
elemental layers of Cu, In and Se, first binary compounds are observed. With the presented progress in the model the absorber 
can completely react to CuInSe2, after sufficient intermixing of the elements. The results show a good agreement with 
experimental data with regard to the temperature range of the reactions taking place. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of The European Materials Research Society (E-MRS). 
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1. Introduction 
Chalcopyrite thin film solar cells are promising materials for solar cell applications. While the fabrication of 
silicon solar cells is quite energy consuming and therefore expensive, chalcopyrite thin film solar cells are cost 
efficient and show an efficiency of more than 20% [1]. While the record cells are fabricated with co-evaporation, the 
industrial production of large area solar cells is done with the stacked elemental layer rapid thermal annealed process 
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(SEL-RTA). Here, reactive diffusion of the commonly incorporated elements Cu, In, Se, Ga and S takes place during 
the heating process, forming intermediate phases and finally the chalcopyrite absorber [2]. Although this process has 
proved its potential for fabricating large area solar cells with very high efficiencies [3], still not all of the processes 
taking place during heating are already understood. Especially the inhomogeneities arising in vertical and lateral 
direction are still a topic in science. Computer simulations therefore provide a valuable tool to investigate the 
process in detail. Earlier studies on the growth kinetics of chalcopyrite absorber formation employed fitting 
differential scanning calorimetry measurement curves (DSC) [4], while recently parts of the absorber formation were 
modeled by first principle methods [5]. 
The goal of the presented work is to develop a realistic computer simulation tool for CIS phase formation, which 
models the reactive phase formation of the RTA-step, describes the occurrence of new phases by seed formation and 
calculates the multi-phase and multi-component diffusion of layer stacks. In comparison to our first published report 
on the model [6], temperature dependent diffusion calculation was added and the phase formation and phase 
boundary movement was improved. By calculating the latent heat, we are now also able to compare the results with 
those from DSC measurements.  
Although the model was developed for performing three dimensional calculations, we focus here on the one 
dimensional case. We also restrict our material system to the elements Cu, In and Se, forming CuInSe2. While the 
simulation tool is capable of fully calculating the diffusive reaction of the elements along with the thermal budget, a 
number of assumptions have to be made, which are mostly related to the lack of material parameters. 
2. Model calculations 
The phase distribution is represented by a cellular automaton, which divides the domain into regular cubic cells. 
The state of each cell is one specific phase and contains the concentrations of the involved atomic species. It is not 
allowed, that cells with different phases are direct neighbors. Therefore a special type of cell is introduced, the so 
called phase boundary cell, which has two states i.e. the phases to which the neighbor cells belong to.  
The movement of the cells is initiated by concentration changes. Because in the model the sum of the 
concentrations of all atomic species has to be one in each cell, one species is set as dependent on the others. This 
means that for all except one atomic species, the concentration changes have to be calculated for each time step 
while the dependent concentration can be easily calculated from the others. The diffusion is calculated by the finite 
volume method for each atomic species and for each contiguous phase domain, which is bordered by phase or 
domain boundary cells. The domain boundary is set as zero flux boundary condition, so that the overall number of 
atoms is not changed during calculation.  
The discretization of an “inner” cell is done by 
ሺܿ௖ െ ܿ௖଴ሻ ή οݔ ൌ ܦ ௖ಿି௖಴ο௫ οݐ ൅ ܦ
௖ೄି௖಴
ο௫ οݐ  (1) 
where Δx is the cell size and the concentration of the cell changes from ܿ஼଴  to ܿ஼  in dependence of the 
concentrations of the neighbor cells cN and cS.  
The discretisation of a phase boundary is done by the following set of equations, where the concentration of a cell 
next to the phase boundary changes from ܿ௣௕଴  to ܿ೛್ in dependence of the neighbor cells cNpb, cSgb and cN: 
൫ܿ௣௕ െ ܿ௣௕଴ ൯ ή οݔ ൌ ܦଵ ௖ಿ೛್ି௖೛್భሺ଴Ǥହା௙భሻήο௫ οݐ ൅ ܦଶ
௖ೄ೛್ି௖೛್మ
ሺ଴Ǥହା௙మሻήο௫ οݐ (2) 
൫ܿே௣௕ െ ܿே௣௕଴ ൯ ή οݔ ൌ ܦଵ ௖ಿି௖ಿ೛್ο௫ οݐ ൅ ܦଵ
௖೛್భି௖ಿ೛್
ሺ଴Ǥହା௙భሻήο௫ οݐ (3) 
Here f1 and f2 are the phase contents of the corresponding phases and D1 and D2 are the diffusion constants of an 
element in the respective phases. The discretization and the positions of the cells (its concentrations) is also 
illustrated by fig. 1. 
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Fig. 1. Finite volume discretization at the grain boundary, where jA,B is the flux between the cells A and B 
Because the concentration fluctuation inside the phases occurring during CuInSe2 formation is so small that it 
cannot be measured, the value boundary condition cpb1 for each atomic species is set as follows, to ensure a small 
concentration gradient inside the phase: 
ܿ௣௕ଵ ൌ ܿ௜ௗଵ ൅ ሺܿ௜ௗଶ െ ܿ௜ௗଵሻ ή οܿ  (4) 
In this calculation cid1 and cid2 are the “ideal” concentrations (e.g. for In2Se3 cid(Cu)=0, cid(In)=0.4 and 
cid(Se)=0.6).  Δc is generally set to 0.001 in the model. 
Calculating the cpb that way ensures the following: Modeling the reaction Cu2Se + In2Se3 Æ 2 CuInSe2 with the 
simulation tool leads to a layer sequence of Cu2Se – CuInSe2 – In2Se3. The arising concentration gradients in the 
CuInSe2 domain cause a diffusive concentration change at both phase boundaries. This amount can be completely 
compensated by moving the two phase boundaries such that CuInSe2 grows, without any concentration remaining 
(as elementary Cu, In or Se). 
The arbitrary shift of the concentration boundary conditions calculated by (4) is compensated by adapting the 
diffusion coefficient: The diffusion constant in literature Dlit is normally given for a concentration jump of one (from 
zero to one). The diffusion coefficient Dsim used here is given for the concentration jump Δc and is connected with 
Dlit by Dlit = 2Δc·Dsim. Because Δc is already taken into account in (4), Dsim is calculated by Dsim = Dlit/2.  




  (5) 
where Ea is the activation energy of the diffusion process. 
The flux that arises over a phase boundary is equivalent to a movement of the latter. If the phase boundary moves 
out of its cell, the cellular automaton is triggered to shift the phase boundary cell into the according neighbor cell. 
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New grains are formed from seeds, which grow according to the diffusive parabolic growth law, and become grains, 
when they have reached a size of 0.9*Δx. New seeds can only be formed at boundaries and if the underlying 
chemical reaction does not need additional reaction partners other than the two neighboring educt phases. If more 
than one seed phase could develop, the one growing fastest is formed first, suppressing other seeds from growing. 
Further seeds may form after the growth rate of the first one has dropped below a critical value. 
The latent heat calculation is performed by calculating the integral formation enthalpy of all cells. The difference 
of that value between two time steps is the latent heat. 
We also refer to our previously published work on modeling the chalcopyrite absorber formation [6], where we 
presented parts of the calculation in more detail. Another work using a similar approach to model iron-carbon alloys 
was published earlier by Jacot et al [7]. 
3. Results and discussion 
3.1. Material parameters 
With the simulation tool described above we performed a realistic model calculation. To obtain the material 
parameters for the simulation, we compared our results to experimental data by Wolf [8,9], who comprehensively 
investigated the formation of ternary CuInSe2 from the elemental layers Cu, In and Se and also examined the binary 
subsystems with DSC and XRD measurements.  
In literature, diffusion data of single atomic species are only available for Cu2Se and CuInSe2. Especially the 
diffusion of Cu has been measured in several investigations [10,11], i.e. mainly the exchange of Cu with defects is 
considered. The diffusion constants used in this work are orders of magnitude lower than those reported in literature, 
because the diffusion data used here describing the diffusive phase growth also has to consider the counter-vise 
movement of e.g. Se, which is much lower. This also means that the diffusion data for each phase is equal for all 
atomic species. To our knowledge, for indium selenide formation no diffusion data are available in literature. 
However, to gain diffusion parameters to be used in the model, we subsequently adjusted them iteratively until the 
layer formation characteristics matched the experimental findings of Wolf for the binary subsystems and the ternary 
CuInSe2 formation. 
Wolf observed in DSC measurements of the binary In-Se-system that In4Se3 is the first phase being formed, 
followed by InSe [8]. Although no reaction kinetics are implemented into the model so far, we “force” this 
experimental behavior by setting the diffusion constant of In4Se3 highest, followed by that of In2Se3. Nevertheless, 
InSe is formed earlier than In2Se3, because the concentration steps are smaller to the neighbor phases than for In4Se3 
and In2Se3. It has to be denoted, that the phase In2Se mentioned in [8] has later been identified as In4Se3 [12,13]. 
To fabricate CuInSe2 absorbers with best properties for solar cell applications, Wolf and many other works 
[9,14,15] suggest the reaction route through the phase diagram via the intermediate phase Cu2Se, which has an 
almost identical crystallographic structure compared to CuInSe2. Following the experimental findings, the route for 
our simulation is to provide In2Se3 as a reaction partner for Cu2Se, with no further reaction partners necessary. 
Couples of these two phases are also investigated experimentally to study the growth kinetics of CuInSe2 [15,16]. In 
order to bring these two phases into direct contact in the simulation and to be able to neglect peritectic 
decomposition reactions like CuSe Æ Cu2Se + Se, two important changes in the stacked elemental metal layer and 
in the set of possible chemical reactions are carried out, compared to experiments. 
1. The initial stacking order in the precursors, which was also used by Wolf, is Cu – In – Se from bottom to top. 
In our model this would lead to a Cu-In-phase next to an In-Se-phase. Hence, to get a Cu-Se-phase into 
contact with an In-Se-phase the initial stacking order for our calculation was set to Cu – Se – In.  
2. To get Cu2Se and In2Se3 into direct contact, it is additionally necessary to exclude the phases CuSe and CuSe2. 
Wolf reported that these phases normally form at a earlier stage of selenisation of Cu, but they are only stable 
below 653K and 583K respectively. Thus CuInSe2 also constitutes via CuSe, but most part forms via Cu2Se, 
after CuSe has decomposed. So assuming here that formation of these two phases is completely suppressed by 
Cu2Se formation does not falsify the nature of the annealing process. 
All these assumptions described above lead to the following parameters in our simulation: The layer cross section 
itself is represented by the one dimensional cellular automaton described above. It is divided into regular cubic cells 
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with an edge length of 25nm. The initial stack used in our model from bottom to top was 375 nm Cu, 750 nm Se and 
375 nm In, which is shown in fig. 3a. This leads to an absorber which in the end completely consists of CuInSe2, 
because volume changes are neglected for the reactive diffusion model. Since Wolf reports that the formation of the 
copper selenides is already finished below room temperature, the simulation shown here was started at a temperature 
of 100K. A heat ramp with 0.5K/s was applied to the layer, which corresponds to a typical heat treatment for 
absorber fabrication. The time step distance was set to 0.1s and the applied diffusion data as well as the formation 
enthalpy HR used to calculate the latent heat are summarized in table 1. The HR values of the elements are set to 
0kJ/mol. 
     Table 1. Diffusion data and formation enthalpy of the phases used for calculation 
Phase D0 in cm²/s Ea in eV HR in kJ/mol 
Cu2Se 2.33*10-5 0.3 -20.9 
In4Se3 3.43*104 1.5 -40.3 
InSe 7.50*103 1.5 -46.3 
In2Se3 1.20*104 1.5 -52.5 
CuInSe2 5.00*10-4 0.9 -240 
 
3.2. Results of the simulation 
The phase development and the corresponding latent heat are shown in fig. 2. It can be seen that the Cu2Se 
formation starts already below 200K and is finished below 270K as soon as all Cu is consumed. The first exothermal 
peak of the latent heat corresponds to this reaction. Fig. 3b shows the concentration at 225K, while the reaction takes 
place. 
Fig. 2. Phase evolution (a) and latent heat development (b) of the model calculation 
At temperatures of 420K, the indium selenides start to form. Because the phase with the highest growth rate 
occurs first, In4Se3 is the first phase being observed followed by InSe and In2Se3. The concentration distribution at 
the temperature of 500K, shown in fig. 3c, confirms this result: In4Se3 is the thickest layer among the In-Se-phases, 
followed by InSe and after In is consumed at 520K In4Se3 has the highest phase content among the indium selenides. 
Because only elementary Se is still present, the latent heat production drops and In4Se3 is transformed into InSe and 
later into In2Se3, until Se is completely consumed at 530K. This reaction sequence between 420K and 560K 
corresponds to the second peak of the latent heat. The only remaining phases Cu2Se and In2Se3 are in direct contact 
now and the CuInSe2 seed layer forms, which causes the third latent heat peak at 540K. The subsequent drop 
followed by the forth peak, which corresponds to the CuInSe2 layer growth, can be explained as follows: On the one 
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hand the concentration gradient decreases due to layer growth, but on the other hand the diffusivity rises 
exponentially with the increasing temperature. This process stops, after the complete layer has been transformed into 
CuInSe2 at the temperature of 760K. Fig. 3d shows the concentration at 700K during CuInSe2 formation. 
This characteristic of layer growth is also observed for the other phases (peak one and two), as well, where the 
growth rate of the phases rises with increasing temperature.  
Fig. 3. Evolution of the concentrations  
3.3. Comparison with experimental data 
The results show that the diffusion data used in the model can reproduce the experimental results satisfyingly. 
The reactions of the binary subsystems were also investigated by Wolf by DSC measurements and were found to 
take place in similar temperature ranges as calculated here. Although the layer sequence is changed in our work 
compared to the experimental stacking order, the formation of CuInSe2 starts and terminates at similar temperatures. 
In DSC measurements of the ternary system, the reaction peaks occurring especially for the selenisation of the 
metallic layers and the following formation of CuInSe2 can generally not be distinguished clearly, because those 
reactions do not take place successively, like in the calculation shown here. 
So far phase changes have not been addressed in this simulation. Above the decomposition temperature of In2Se3 
at 793K, which is the lowest of the indium selenides, the layer has already completely reacted to CuInSe2. Only the 
endothermal signals of the melting of In and Se at 430K and 494K respectively would additionally occur in the DSC 
signal. However, this does not change the simulation significantly, because from the phase diagram it is clear that 
both liquids are almost immiscible and at the melting point of Se most of it has already reacted to InxSey.  
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4. Conclusions 
We have developed a model to calculate the reactive diffusion over the cross section of stacked elemental layers. 
The phase distribution is described by a cellular automaton and changes are governed by temperature dependent 
diffusion processes calculated by the finite volume method. Calculation of the latent heat makes the model 
comparable to DSC measurements. 
This model was applied to the annealing step in the fabrication of stacked elemental layer rapid thermal 
processed absorbers of the thin film solar cell material CuInSe2. The material parameters used in the simulation, 
especially the diffusion data, were adjusted to fit the experimental results investigated by Wolf [8,9] on the same 
system. The agreement with his results was satisfying with regard to the temperature range of the reactions taking 
place and the stack completely reacted to CuInSe2. Because peritectic reactions and phase changes are not yet 
included in the model the stacking order had to be changed (from bottom to top) from Cu – In – Se to Cu – Se – In 
in our calculation and the experimentally observed phases CuSe and CuSe2 had to be excluded. By incorporating the 
mentioned additional reaction types and grain boundary diffusion as well as by including additional elements like 
Ga and S it should be possible to improve  the model for calculations to closer resemble the experiments. 
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